Microscopic reactive diffusion of uranium in the contaminated
sediments at Hanford, United States by Liu, Chongxuan et al.
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
US Department of Energy Publications U.S. Department of Energy 
2006 
Microscopic reactive diffusion of uranium in the contaminated 
sediments at Hanford, United States 
Chongxuan Liu 
Pacific Northwest National Laboratory, chongxuan.liu@pnl.gov 
John M. Zachara 
Pacific Northwest National Laboratory, john.zachara@pnl.gov 
Wassana Yantasee 
Pacific Northwest National Laboratory 
Paul D. Majors 
Pacific Northwest National Laboratory 
James Mckinley 
Pacific Northwest National Laboratory, james.mckinley@pnl.gov 
Follow this and additional works at: https://digitalcommons.unl.edu/usdoepub 
 Part of the Bioresource and Agricultural Engineering Commons 
Liu, Chongxuan; Zachara, John M.; Yantasee, Wassana; Majors, Paul D.; and Mckinley, James, 
"Microscopic reactive diffusion of uranium in the contaminated sediments at Hanford, United States" 
(2006). US Department of Energy Publications. 304. 
https://digitalcommons.unl.edu/usdoepub/304 
This Article is brought to you for free and open access by the U.S. Department of Energy at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in US Department of Energy 
Publications by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 
Microscopic reactive diffusion of uranium in the contaminated
sediments at Hanford, United States
Chongxuan Liu,1 John M. Zachara,1 Wassana Yantasee,1 Paul D. Majors,1
and James P. McKinley1
Received 10 March 2006; revised 16 August 2006; accepted 5 September 2006; published 27 December 2006.
[1] Microscopic and spectroscopic analyses of uranium-contaminated sediments from
select locations at the U.S. Department of Energy (DOE) Hanford site have revealed that
sorbed uranium (U) often exists as uranyl precipitates associated with intragrain fractures
of granitic clasts. The release of U to contacting fluids appears to be controlled by
intragrain ion diffusion coupled with the dissolution kinetics of the precipitates that exist
in the form of Na-boltwoodite. Here we present a coupled microscopic reactive diffusion
model for the contaminated sediment on the basis of experimental measurements of
intragrain diffusivity in the granitic lithic fragments and the dissolution kinetics of
synthetic Na-boltwoodite. Nuclear magnetic resonance, pulse gradient spin echo
measurements showed that the intragrain fractures of the granitic clasts isolated from the
sediment contained two domains with distinct diffusivities. The fast diffusion domain
had an apparent tortuosity of 1.5, while that of the slow region was two orders of
magnitude larger. A two-domain diffusion model was assembled and used to infer the
geochemical conditions that led to intragrain uranyl precipitation during waste-sediment
interaction. Rapid precipitation of Na-boltwoodite was simulated with an alkaline
U-containing, high-carbonate tank waste solution that diffused into intragrain fractures,
which originally contained Si-rich pore water in equilibrium with feldspar grains in the
lithic fragments. The model was also used to simulate uranyl dissolution and release
from contaminated sediment to recharge waters. With independently characterized
parameters for Na-boltwoodite dissolution, the model simulations demonstrated that
diffusion could significantly decrease the rates of intragrain uranyl mineral dissolution
due to diffusion-induced local solubility limitation with respect to Na-boltwoodite.
Citation: Liu, C., J. M. Zachara, W. Yantasee, P. D. Majors, and J. P. McKinley (2006), Microscopic reactive diffusion of uranium in
the contaminated sediments at Hanford, United States, Water Resour. Res., 42, W12420, doi:10.1029/2006WR005031.
1. Introduction
[2] Uranium was an abundant component of radioactive
liquid waste solutions generated by the Bismuth Phosphate
processes at the U.S. Department of Energy (DOE) Hanford
site. About 350 m3 of radioactive waste solution containing
over 7000 kg of U(VI) was discharged to the vadose zone in
1951 as a result of the overfilling of tank BX-102 in the
Hanford BX tank farm [Jones et al., 2001]. This was the
largest recorded single release of U(VI) to the subsurface at
the Hanford site. Subsurface coring [Serne et al., 2002] and
U isotope analysis [Christensen et al., 2004] revealed that
the overfill event resulted in a large vadose plume that
migrated to groundwater (250 m wide and 900 m long).
Characterization of contaminated vadose zone sediments
with X-ray absorption spectroscopy, synchrotron X-ray
diffraction, laser induced fluorescence spectroscopy, and
energy dispersive spectroscopy revealed that the sorbed
uranium was hexavalent and precipitated as uranyl silicates,
most likely as sodium boltwoodite [Catalano et al., 2004;
McKinley et al., 2006;Wang et al., 2005]. Scanning electron
microscopy indicated that the uranyl silicates existed as
1–3 mm precipitates associated with intragrain fractures
of granitic lithic clasts, a minor (<4% by weight) mineral
component in the sediment [McKinley et al., 2006].
[3] The release of precipitated U(VI) that exists within
mineral grain fractures [McKinley et al., 2006] or as a
structural constituent in other nonuranyl mineral lattices
[Olander and Eyal, 1990; Reeder et al., 2004] to contacting
waters may be kinetically controlled. Studies of uranyl
leaching from monazite, a rare earth metal phosphate,
showed a time-variable rate of uranyl release that was
described by an intragrain diffusion model with a time-
decreasing diffusivity [Olander and Eyal, 1990]. Time-
dependent rates of U(VI) release have also been observed
from contaminated sediments of different sources and attrib-
uted to diffusion, mass transfer, and/or chemical kinetics
[Braithwaite et al., 1997; Mason et al., 1997; Qafoku et al.,
2005].
[4] Dissolution studies using contaminated Hanford sedi-
ments containing intragrain uranyl silicate precipitates [Liu
et al., 2004b] yielded complex, time variable rates of U(VI)
release that required a coupling between diffusion and
dissolution for adequate simulation. The overall extent of
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dissolution was controlled by uranyl-silicate solubility that
closely matched Na-boltwoodite. Intimate coupling of the
diffusion and dissolution processes in that study, however,
prevented an independent assessment of individual process
rates. The solubility of Na-boltwoodite was subsequently
investigated in bicarbonate solutions that were representa-
tive of pore water compositions at Hanford [Ilton et al.,
2006].
[5] As an extension of the work of Liu et al. [2004b], we
develop a coupled diffusion-precipitation/dissolution model
for intragrain U(VI) in sediment based on independent
experimental measurements of intragrain diffusivity of
isolated lithic fragments and the dissolution kinetics of
synthetic Na-boltwoodite. The diffusion properties of sed-
iment grains were characterized using a nuclear magnetic
resonance (NMR), pulse gradient spin echo (PGSE) tech-
nique with 1H2O as the tracer. The model was then
parameterized with grain and fracture dimensions measured
by electron microscopy and used to explore how the
coupling of diffusion with (1) precipitation may have led
to the formation of intraclast uranyl silicates upon waste-
sediment reaction and (2) dissolution may have led to the
release rates of U(VI) from contaminated sediment to
pristine recharge waters.
2. U(VI) Contamination, Distribution, and
Speciation
[6] The sediments beneath the BX tank farm at Hanford
are multilithologic, catastrophic flood deposits of the
Pleistocene age Hanford formation, consisting of layers
of sand and gravel, interbeded by relatively thin silty zones
(Figure 1a). The vadose zone U(VI) plume resulting from
the BX-102 overfill event existed from 20 to 60 m below
the ground surface (bgs), with the highest concentration of
over 1.6 mg/g observed at 37 m bgs. The sediments had
moisture contents of 3–4% by weight. The groundwater
table is located at 78 m bgs.
[7] Uranium existed as discrete uranyl precipitates within
the interiors of sediment grains (Figure 1b). The precipitates
were sparse on grain surfaces and concentrated in intragrain
fractures of granitic clasts. The granitic clasts comprised
Figure 1. (a) Sediment stratigraphy in borehole 299-E33-45 beneath the Hanford BX tank farm. (b)
Back-scattered electron SEM images showing intragrain distribution of U(VI) precipitates (white) within
a feldspar grain; the bottom image is the expansion of the marked rectangular area in the top image. P,
plagioclase feldspar; K, potassium feldspar; M, mica.
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less than 4% of the total sediment by weight. Within the
granitic clasts, uranium was preferentially associated with
fractures that traversed plagioclase feldspar domains. The
precipitates were 1 to 3 mm acicular crystallites found in
either radiating or parallel arrays in fractures less than
10 mm in width. Spectroscopic, microscopic, and thermo-
dynamic analyses of the precipitates indicated that they
were a phase within the uranophane mineral group, most
probably sodium boltwoodite [NaUO2 (SiO3OH)(H2O)1.5]
[Catalano et al., 2004; Liu et al., 2004b; McKinley et al.,
2006; Wang et al., 2005]. Adsorbed U(VI) was negligible as
compared to precipitated U(VI) in the sediment [Liu et al.,
2004b; McKinley et al., 2006].
3. Dissolution Kinetics of Sodium Boltwoodite
[8] The dissolution of uranyl silicates from Hanford tank
farm sediments has been studied under variable pH, bicar-
bonate, and electrolyte conditions [Liu et al., 2004b]. From
that study, a bicarbonate-promoted dissolution kinetic model
was developed that was pseudo first-order with respect to
either bicarbonate concentration or Na-boltwoodite surface
area. The intragrain location of the uranyl precipitates,
however, prevented (1) independent measurements of pre-
cipitate surface area, (2) a clear separation of dissolution from
diffusion processes, and (3) determination of reaction order.
Na-boltwoodite was therefore synthesized and used here as a
separate phase to quantify dissolution kinetics as a function of
surface area and bicarbonate concentration.
[9] Na-boltwoodite was synthesized according to
Nguyen et al. [1992]. Briefly, 10 mmol/L uranyl acetate
[UO2(CH3COO)2 2H2O] was mixed with 5 mmol/L sodium
metasilicate nonahydrate (Na2SiO3 9H20) at room tempera-
ture in a chamber filled with argon. The suspension was
adjusted to pH 10.5 with 0.1 mol/L NaOH, stirred at room
temperature for 2 hours, and then moved out of the argon
chamber and refluxed at 90C for 24 hours. The solid in the
suspension was collected by filtration, rinsed with boiling
deionized (DI) water, vacuum-dried, and homogenized. The
dried and homogenized solid (each 5 g from two batches
described above) was transferred into 125 mL Teflon Parr
Bomb (model 4748, Parr Instrument Co.) and contacted with
70 mL DI water at 150C for 7 days. The solid was then
filtered, rinsed with DI water, vacuum-dried, and stored at
room temperature.
[10] The solid was characterized by X-ray powder dif-
fraction (XRD), laser induced fluorescence spectroscopy
(LIFS) at liquid helium temperature, X-ray photoelectron
spectroscopy (XPS), transmission electron microscopy
(TEM) with electron diffraction, energy dispersive spectros-
copy (EDS), and compositional analysis through dissolu-
tion. The characterization results were reported elsewhere
[Ilton et al., 2006]. The synthetic materials were Na-
boltwoodite showing faceted blade-like morphology with
a stoichiometric ratio of 1:1:1 for Na:Si:U. The measured
solubility (log Ksp) of the synthetic Na-boltwoodite was
5.85 [Ilton et al., 2006], close to a value (5.82) reported in
literature [Nguyen et al., 1992], and the value estimated for
the intragrain uranyl silicate precipitates (log Ksp = 6.02) in
Hanford sediment [Liu et al., 2004b]. The synthetic Na-
boltwoodite has a surface area of 30.8 m2/g determined with
the PMI Automated N2-BET Sorptometer (Porous Materi-
als, Inc. NY, USA).
[11] The dissolution of the synthetic Na-boltwoodite was
performed with variable solid/solution ratio (2.5–10 g/L),
bicarbonate concentration (0.1–50 mmol/L), and pH (6.8 to
9.5) in 100 mL Na-NO3-HCO3 electrolytes at ionic strength
of 0.05 mol/L. The concentration of Na+ in the initial
electrolyte solutions was kept constant at 50 mmol/L and
was charge-balanced by variable concentrations of NO3
 and
HCO3
. The suspensions were in equilibrium with ambient
CO2 pressure. At select times, the pH of the suspension was
measured and suspension samples (4 mL) were removed
and filtered with 0.2 mm syringe Teflon filters. The first 1
mL of each sample was discarded to allow saturation of
U(VI) adsorption sites on the filters. The filtrates were
acidified with nitric acid, and U(VI) was measured with a
VG PlasmaQuad, model PQ2 ICP-MS (VG Instruments
Inc., Cherry Hill Drive, MA), and Si by ICP-MS and
ICP-OES (Thermal Jarrel Ash, model Atomscan 25, Wal-
tham MA).
[12] The initial rate of Na-boltwoodite dissolution (deter-
mined within 0.5 hour) increased linearly with increasing
Na-boltwoodite surface area in the suspension (Figure 2a),
indicating a first-order rate with respect to mineral surface
area. The initial dissolution rate also increased with increas-
ing bicarbonate concentration (Figure 2b). The rate increase
(the slope in Figure 2b), however, decreased with increasing
bicarbonate concentration, showing surface site saturation
behavior. These results supported a previously proposed
two-step dissolution kinetic model [Liu et al., 2004b], but
with a different rate expression:
 U VIð Þ þ HCO3
k1
,
k1
 U VIð Þ  HCO3 ð1Þ
 U VIð Þ  HCO3
k2
) U VIð Þ  HCO3 aqð Þ ð2Þ
Reaction (1) involves bicarbonate coordination on Na-
boltwoodite surface sites, [U(VI)], to yield a uranyl
bicarbonate surface complex; and reaction (2) is the
detachment step to release the surface complex into aqueous
phase. Parameters k1 and k1 are the forward and backward
rate constants of Reaction 1, respectively, and k2 is the
forward rate constant for reaction (2). The detached uranyl
bicarbonate is further subjected to aqueous speciation
reactions. Assuming that detachment is the rate-limiting
step and that the surface coordinated species is in steady
state, a dissolution rate expression can be obtained from
reactions (1) and (2) as follows:
r ¼ k2rb  U VIð Þ½  HCO

3
 
k2 þ k1ð Þ=k1 þ HCO3
  ð3Þ
where rb (g/L) is the bulk density of solids in solution.
Replacing (k2 + k1)/k1 with a parameter Ks (mol/L), and
using surface area A (m2/g) to replace the surface site
concentration [ U(VI)] (mol/g), equation (3) becomes
r ¼ kArb
HCO3
 
Ks þ HCO3
  ð4Þ
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where k (mol/m2/s) equals k2 in equation (3) multiplied by
the surface concentration density of U(VI) (mol/m2).
[13] The rate expression (equation (4)) was consistent
with the observed initial rates as a linear function of surface
area under a fixed bicarbonate concentration (Figure 2a),
and surface site saturation-type kinetics with respect to
bicarbonate concentration (Figure 2b). By fitting equation
(4) to the experimental data in Figure 2, parameters k and Ks
were estimated to be 5.69 (±0.28)  1010 mol m2 s1 and
2.74 (±0.49) mmol/L, respectively, where the number in the
bracket is one standard deviation. The rate expression
becomes first-order with respect to bicarbonate concentra-
tion when [HCO3
]  Ks, and zero order when [HCO3] 
Ks. The dissolution kinetics of uranyl minerals have been
reported to exhibit variable orders with respect to bicarbon-
ate concentration. A rate expression proportional to
[HCO3
]0.7 was obtained for uranophane dissolution in
batch and stirred flow systems [Perez et al., 2000]. A rate
order of 0.6 with respect to bicarbonate concentration was
observed for the dissolution of uranyl oxyhydroxides
[Steward and Mones, 1997]. These rate orders are within
the range (0 to 1) of those predicted from equation (4).
[14] The experimental rates in Figure 2 were determined
in solutions open to ambient CO2 pressure. Because pH also
increased with increasing carbonate concentration, the rate
increase (Figure 2b) could alternatively be attributed to a pH
effect. Regression studies [Perez et al., 2000; Steward and
Mones, 1997], however, found that the influence of pH was
not statistically significant compared with that of bicarbon-
ate. The small effect of pH was therefore incorporated into
the rate expression (equation (4)) through bicarbonate
concentration.
[15] The kinetic rate expression of equation (4) described
the dissolution of Na-boltwoodite far from equilibrium. The
rate expression can also be used to describe dissolution near
equilibrium by including a thermodynamic affinity term
[e.g., Aagaard and Helgeson, 1982],
r ¼ kArb
HCO3
 
Ks þ HCO3
  1 IAP=Ksp n  ð5Þ
where IAP is the ionic activity product; Ksp is the solubility
constant of Na-boltwoodite; and n is a parameter to account
for the nonelementary nature of the dissolution reaction. A
log Ksp value of 5.85 [Ilton et al., 2006] was used to
compute affinity for the synthetic Na-boltwoodite used in
this study.
[16] The concentrations of dissolved U(VI) and Si in-
creased initially with time and apparently reached equilib-
rium within 10 hours in solutions containing 1.2 and
6 mmol/L bicarbonate (Figure 3). In contrast, dissolution
continued over 7 days in the 50 mmol/L bicarbonate
solution. The model (equation (5)), after coupling with
equilibrium speciation reactions (Table 1), reasonably well
simulated the evolved U(VI) and Si concentrations from
Na-boltwoodite dissolution. The best fit value of parameter
n was 0.2, indicating that the overall dissolution reaction
was not elementary. The model, however, overpredicted
U(VI) and Si dissolution in the 50 mmol/L bicarbonate
solution at the late time stage. The overestimation was
attributed to the calculation of the Na-boltwoodite ion
activity product (i.e., IAP in equation (5)). In a related
study we observed that the measured solubility of Na-
boltwoodite matched well with the calculated value in
low-carbonate solutions, but was lower than the calculated
value in 50 mmol/L bicarbonate [Ilton et al., 2006].
Speciation calculations showed that U(VI) was dominated
by species UO2(CO3)3
4 in the 50 mmol/L bicarbonate
solution, and by species UO2(CO3)2
2 and UO2(CO3)3
4 in
1.2 and 6 mmol/L bicarbonate solutions. Such discrepancies
in the measured and computed solubility of Na-boltwoodite
may result from inaccuracy in the ion activity model (e.g.,
the Davies equation) for the highly charged uranyl carbon-
ate species. It is well known that the calculation of activity
coefficients for highly charged species is problematic.
4. Characterization of Intragrain Diffusion
Properties
[17] Nuclear magnetic resonance (NMR) can be used to
nondestructively elicit information about surface areas, pore
Figure 2. Initial rates of Na-boltwoodite dissolution (a) as
a function of surface area in solutions containing 50 mol/L
bicarbonate and (b) as a function of bicarbonate concentra-
tion in solutions with a solid/solution ratio of 2.5 g/L.
Symbols are the data, and lines are the model-fitted curves
(see text).
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size distributions, diffusivity, permittivity, and surface wet-
ting properties [Callaghan, 1984; Kenyon, 1992; Kimmich,
1997]. Here an NMR pulse gradient spin echo (PGSE)
technique [e.g., Callaghan, 1984; Hollewand and Gladden,
1995; Mair et al., 2002] was used to measure the self-
diffusion of H2O molecules in intragrain fractures of Han-
ford granitic lithic fragments. The NMR PGSE technique is
a well-established method for measuring diffusion coeffi-
cients in unconstrained liquids [e.g., Mills, 1973], and
restricted domains including clay slurries [Nakashima,
2001], mineral surfaces [Karger et al., 1992], and hetero-
geneous intragrain porous media [e.g., Hollewand and
Gladden, 1995; Oger et al., 1992]. The PGSE-NMR meth-
od measures the magnetic moment of molecules under a
magnetic field gradient (G) to determine the self-diffusion
of target molecules (e.g., H2O via
1H nuclear spins) within a
diffusion domain during a known diffusion time interval
(D). The method does not require the movements of the
target molecules into or out of the diffusion domain; rather it
can be visualized as spatially labeling the target molecules
and then determining the ensemble of the molecular random
movements of the labeled molecules within the diffusion
domain. Also the method does not require the use of
traditional tracers such as tritium or bromide and thus
avoids chemical retardation or exclusion effects that can
occur with chemical tracers.
[18] Feldspar-containing lithic fragments were hand-
picked from uncontaminated Hanford sediments that
exhibited similar mineralogy and grain size to contaminated
sediments from the BX tank farm. X-ray powder diffraction
(XRD) analyses indicated that the fragments contained
feldspar and quartz primarily (Figure 4). The selected grains
were saturated with DI water, and then submerged in a thin-
Figure 3. Experimental and calculated aqueous concentrations of (a) U(VI) and (b) Si from the
dissolution of Na-boltwoodite in solutions with variable bicarbonate concentrations (solid/solution ratio =
2.5 g/L).
Table 1. Aqueous Speciation Reactions Used in Modeling
Speciation Reaction log K (I = 0) Sourcea
UO2
2+ + H2O = UO2 OH
+ + H+ 5.25 1
UO2
2+ + 2H2O = UO2 (OH)2(aq) + 2H
+ 12.15 1
UO2
2+ + 3H2O = UO2 (OH)3
 + 3H+ 20.25 1
UO2
2+ + 4H2O = UO2 (OH)4
2 + 4H+ 32.40 1
2UO2
2+ + H2O = (UO2)2 OH
3+ + H+ 2.70 1
2UO2
2+ + 2H2O = (UO2)2 (OH)2
2+ + 2H+ 5.62 1
3UO2
2+ + 4H2O = (UO2)3 (OH)4
2+ + 4H+ 11.90 1
3UO2
2+ + 5H2O = (UO2)3 (OH)5
+ + 5H+ 15.55 1
UO2
2+ + CO3
2 = UO2CO3(aq) 9.94 1
UO2
2+ + 2 CO3
2 = UO2(CO3)2
2 16.61 1
UO2
2+ + 3 CO3
2 = UO2(CO3)3
4 21.84 1
2Ca2+ + UO2
2+ + 3CO3
2 = Ca2UO2(CO3)3 29.8 2
UO2
2+ + NO3
 = UO2NO3
+ 0.30 1
CO2(g) + H2O = H2CO3 1.47 1
H2CO3 = H
+ + HCO3
 6.35 1
H2CO3 = 2H
+ + CO3
2 16.68 1
H4SiO4 = H
+ + H3SiO4
 9.84 1
H4SiO4 = 2H
+ + H2SiO4
2 23.14 1
Al3+ + 2H2O = Al(OH)2
+ + 2H+ 10.09 3
Al3+ + 3H2O = Al(OH)3 + 3H
+ 16.69 3
Al3+ + 4H2O = Al(OH)4
 + 4H+ 22.69 3
aSources are as follows: 1, Guillaumount et al. [2003]; 2, Kalmykov and
Choppin [2000]; 3, National Institute of Standards and Technology [2001].
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walled glass tube (4 mm O.D. and 30 mm long) containing a
high-viscosity perfluorinated oil (Dupont Krytox1, Wil-
mington DE USA) that gives no competing 1H NMR signal.
Before the grains were submerged in the perfluorinated oil,
the excess water on the grain surfaces was removed by
supporting them with forceps while briefly touching the
grains to a damp paper wiper. This yielded a loose collection
of damp grains immersed in the oil, with water trapped on
the grain surfaces and within intragrain pore spaces. The
intragrain and surface water molecules were the targets for
NMR self-diffusion measurements.
[19] NMR measurements were performed at 300 MHz for
the proton (1H), using a Varian Unity-plus spectrometer
with a home-built NMR imaging probe. The imaging probe
contains a horizontally aligned gradient coil (capable of
250 G/cm gradient strengths in each of three mutually
perpendicular directions) and a concentric, horizontally
aligned copper solenoidal radio frequency (RF) coil wound
onto a 5 mm O.D. glass tube. The 4 mm O.D. sample
tubes containing the water-saturated grains were placed
inside of the imaging probe and inserted into the horizon-
tal bore magnet for measurements. The sample temperature
was controlled by purging the sample compartment of the
imaging probe with temperature-regulated nitrogen gas,
which was maintained at 25 ± 1C using a copper-
constantan thermocouple installed inside of the probe for
feedback control.
[20] The self-diffusion of H2O molecules in the water-
saturated grains was measured with an ‘‘alternating pulsed
field gradient’’ stimulated echo NMR (Cotts 13-interval)
technique designed to suppress background effects [Cotts et
al., 1989]. The amplitude (S) of NMR signals of H2O
molecules within the intragrain domains is related to
the amplitude of magnetic gradient (G) and the apparent
H2O molecular diffusivity by the following expression
[Kimmich, 1997]:
S ¼ exp bDð Þ ð6Þ
where b is a diffusion factor that is proportional to G,
diffusion time interval D, and other experiment-specific
parameters and D is the apparent molecular diffusivity. By
varying magnetic field gradient G or D and thus b, one can
measure S as a function of b. The diffusivity D can then be
determined from equation (6) by data regression. For a
heterogeneous porous medium that consists of more than
one diffusion domains with each domain having a distinct
diffusivity, the overall amplitude of NMR signal is a linear
combination of signals from different domains and follows
a relationship [Hollewand and Gladden, 1995]:
S ¼
XNd
i¼1
yi exp bDið Þ ð7Þ
where yi and Di are the weight of signals contributed from
and the apparent diffusivity in domain i, respectively; and
Nd is the number of diffusion domains.
Figure 4. X-ray powder diffractograms of the granitic lithic fragments in Hanford sediments
(plagioclase and quartz dominate the fragments).
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[21] An array of 20 linearly spaced diffusion factor (b)
values (b = 250, 500, . . ., 5000 sec/mm2) was applied for
each diffusion time (D). The desired b values were
obtained by adjusting the gradient-amplitude values
according to the analytical expression for the Cotts-13
experiment. The resulting maximum gradient strength was
177 G/cm. Relevant timing parameters included a repeti-
tion delay of 3 seconds and a gradient pulse duration, d,
of 1 millisecond. The NMR signal was digitized into
1024 complex points with a sampling rate of 40 kHz.
Typically 64–1024 averages were performed to increase
the signal-to-noise ratio. The NMR- PGSE measurements
were tested using a sample of fresh silicone cement as a
control that has a diffusivity close to zero over the entire
range of diffusion interval values (D = 1–1,000 msec).
[22] The measured signal amplitudes S(D, b) decreased
with increasing b (Figure 5a), indicating that signal strength
decreased with increasing strength of pulse gradient given a
constant diffusion time interval D. The signal attenuation,
however, did not follow a single exponential function
(equation (6)), indicating that the diffusion medium con-
sisted of multiple domains with discrete diffusivities. Equa-
tion (7) was therefore used to fit the data. Statistical analysis
(t test) indicated that all data in Figure 4 could be fitted
using equation (7) with Nd = 2, suggesting that there were
two apparent diffusion domains associated with the lithic
fragments. The fast diffusion domain had an apparent
diffusivity of 1.52  103 mm2/s (Figure 5b) regardless
of the diffusion time interval, while the slow diffusion
domain had a diffusivity of 104 mm2/s at 1 ms that
decreased to 105 mm2/s at 10 ms. The decrease of
diffusivity with increasing diffusion time in the slow diffu-
sion domain was attributed to increasing restricted diffusion
by pore boundaries with time [Mair et al., 1999]. The
diffusivity eventually reached an asymptotic value [Sen et
al., 1994]:
D tð Þ=D0 ¼ 1=c ð8Þ
where D0 is the diffusivity in bulk water solution (2.3 
103 mm2/s for H2O at 25C) and c is the apparent
tortuosity. The asymptotic diffusivity was used in the
following analysis because the timescale is typically much
longer than seconds in subsurface transport problems. The
calculated apparent tortuosity was 1.5 and 161.3 in the high-
and low-diffusivity domains, respectively.
5. Microscopic Reactive Diffusion Model
[23] SEM analysis of the lithic fragments (Figure 1)
showed that the intragrain fractures and voids had variable
widths ranging from submicron to over tens of microns, and
that uranyl precipitates were distributed in fractures of
variable widths. Because diffusivity in porous media is
correlated with pore width [e.g., Hollewand and Gladden,
1995], we assumed that the fast diffusion domain was
associated with large fractures and water films surrounding
the grain surfaces, while the slow diffusion domain was
associated with smaller, secondary fractures or pores with
variable connectivity. We further assumed that the large
fractures and surface water films were directly connected
with bulk solution, while the smaller fractures were
connected only to the larger fractures. For convenience,
we termed the large fractures as ‘‘fracture’’ and the smaller
fractures as ‘‘matrix’’. With these assumptions, a micro-
scopic reactive diffusion model was defined based on mass
balance equations:
@c fi l; tð Þ
@t
¼  @J
f
i l; tð Þ
@l
 fm Jmi l; x; tð Þ

x¼0þr
f
i l; tð Þ
i ¼ 1; 2; . . . ;N
ð9Þ
@cmi l; x; tð Þ
@t
¼  @J
m
i l; x; tð Þ
@x
þ rmi l; x; tð Þ i ¼ 1; 2; . . . ;N
ð10Þ
where equations (9) and (10) are diffusion equations in the
fracture (f) and matrix (m) domains, respectively; ci
f (l, t)
and ci
m(l, x, t) are the aqueous concentrations, ri
f (l, t) and
ri
m(l, x, t) are the reaction rates (e.g., aqueous speciation rate,
Figure 5. (a) NMR signal strength as a function of
diffusion factor. The symbols are the experimental measure-
ments at different diffusion time intervals, and curves are
the calculated results using a two-domain diffusion model
(see text). (b) Fitted diffusivity values from NMR signal
strength data (Figure 5a) as a function of diffusion time
interval.
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dissolution or precipitation rate, or their combination if
they contribute or consume aqueous species i), Ji
f(l, t) and
Ji
m(l, x, t) are the fluxes of species i in the fracture and
matrix, respectively; the fm is the porosity ratio in matrix
vs. fracture; l and x are the coordinates in fracture and
matrix, respectively; Ji
m (l, x, t)jx=0 is the mass flux from
the fracture to matrix at the fracture/matrix interface; and
N is the total number of aqueous species. The boundary
concentration at the fracture gate (l = 0) was assumed to
be the same as in the contacting exterior solution. The
boundary condition in the matrix at the fracture/matrix
interface (x = 0) was assumed to be: ci
m(l, x = 0, t) = ci
f (l, t). A
no mass flux condition was imposed at the interior end of the
fracture [i.e., Ji
f (l=Lf, t) = 0] andmatrix [i.e., Ji
m (l, x=Lm, t) =
0], where Lf and Lm are the lengths of the fracture and matrix,
respectively.
[24] Ion diffusion flux is governed by both chemical and
electrostatic forces in regions without external electric and
magnetic field gradients [Liu et al., 2004a]. The electrostatic
force term is required to maintain local charge balance
during the diffusion of charged species. The ion flux driven
by both chemical and electrostatic forces can be expressed
as [Cussler, 1995]:
J
!
i ¼ Dirci þ F E
!
RT
ZiDici ð11Þ
where Di and Zi are the self-diffusivity and charge of species
i; F is the Faraday constant, R is the gas constant, and T is
the temperature, E
!
is the electrostatic force, and r is the
gradient symbol.
[25] The local charge neutrality condition requires that
the net charge flux during the diffusion of species is zero:
XN
i¼1
Zi J
!
i ¼ 0 ð12Þ
Substituting equation (11) into equation (12) allows the
electrostatic force in equation (11) to be related to
concentration gradient:
F E
!
RT
¼
PN
k¼1
ZkDkrck
PN
k¼1
Z2k Dkck
ð13Þ
Note that when all ion self-diffusivity values are the same
(i.e., Dk = D, k = 1, 2, . . ., N), equation (13) becomes zero
because of the local charge neutrality condition:
PN
k¼1
Zkck = 0
and then ion diffusion flux (equation (11)) is decoupled
from other ions. An additional substitution of equation (13)
into equation (11) allows the flux of species i to be
described as follows,
J
!
i ¼ 
XN
k¼1
Dikrck ð14Þ
where
Dik ¼ Didik  ZiZkDiDkciPN
k¼1
Z2k ckDk
ð15Þ
and where dik is the Kronecker symbol. Substituting
equation (14) into equations (9) and (10) yields
@c fi
@t
¼
XN
k¼1
@
@l
D
f
ik
@c fk
@l
 !
þ fm
XN
k¼1
Dmik
@cmk
@x

x¼0
þr fi
i ¼ 1; 2; . . . ;N
ð16Þ
@cmi
@t
¼
XN
k¼1
@
@x
Dmik
@cmk
@x

 
þ r mi i ¼ 1; 2; . . . ;N ð17Þ
Equations (16) and (17) are the diffusion equations for
individual aqueous species. Numerically, it is more
convenient to solve the diffusion problem using a chemical
component or canonical approach [Lichtner, 1996]. The
component approach separates chemical species into two
sets: (1) components and (2) product species that result from
the reactions of components. The reactions are classified as
kinetically controlled or equilibrium. In the following
analysis, we assume that the rates of reactions between all
aqueous species are fast and can be treated as local
equilibrium reactions. With this assumption, all aqueous
product species can be calculated from equilibrium reaction
of chemical components.
[26] The total aqueous concentration of component j in
either fracture or matrix can be described by:
Tj ¼
XN
i¼1
aijci; j ¼ 1; 2; . . . ;M ð18Þ
where M is the total number of components and aij is the
stoichiometric coefficient of the jth chemical component in
the ith chemical species. The reaction rate of component j
(Rj) is the summation of the reaction rates of all species
containing component j:
Rj ¼
XN
i¼1
aijri; j ¼ 1; 2; . . . ;M ð19Þ
In equation (19), the rates of aqueous speciation reactions are
canceled out each other and only the rates of heterogeneous
reactions (e.g., precipitation and/or dissolution) remain. The
rate expressions, such as equation (5), are required to describe
Rj. The concentration of the aqueous product species (ci) can
be expressed in terms of components:
ci ¼ Ki
YM
j¼1
C
aij
j ð20Þ
where Cj is the free aqueous concentration of component j,
and Ki is the equilibrium constant for species i. Multiplying
equations (16) and (17) by aij and summing over i from 1 toN,
we obtain the resulting equations in matrix form:
@T f
@t
¼ @
@l
Af  @T
f
@l

 
þ fmAm  @T
m
@x

x¼0
þR f ð21Þ
@Tm
@t
¼ @
@x
Am  @T
m
@x

 
þ Rm ð22Þ
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where T and R are the vectors consisting of elements
described by equations (18) and (19), respectively; andA is a
matrix that can be further divided into matrix G and the
inverse of matrix B:
A ¼ G  B1 ð23Þ
The elements in matrix G are expressed by
gij ¼
XN
n¼1
ani
XN
k¼1
Dnk
@ck
@Cj
; i; j ¼ 1; 2; . . . ;M ð24Þ
and in matrix B by
bij ¼
XN
k¼1
aki
@ck
@Cj
; i; j ¼ 1; 2; . . . ;M ð25Þ
The derivative @ck@Cj in equations (24) and (25) can be readily
obtained from equation (20). Equations (23)–(25) are
applicable to both fracture and matrix with respective
superscripts.
[27] The advantage of using equations (21) and (22) as
compared to equations (16) and (17) is that only the
component diffusion equations need to be solved. The
concentrations of product species at each spatial location
are then computed using the appropriate equilibrium
relationships between components. Equations (21) and
(22) are for aqueous components only. For mineral phases
such as Na-boltwoodite, rate equations, such as equation
(5), are used to describe mineral phase concentration
changes as a function of time. Equations (21) and (22)
were solved by sequential iteration. The sequential iteration
approach was used to avoid large computer memory such as
the global implicit technique and potential errors associated
with the sequential noniterative approach [Steefel and
MacQuarrie, 1996; Yeh and Tripathi, 1991]. Specifically,
we discretized equation (21) and (22) using a finite differ-
ence method and solved the discretized equations for the
total concentrations of components. The component con-
centrations were then used to calculate all equilibrium
species using the speciation code GMIN [Felmy, 1995]
with activity coefficients calculated by the Pitzer expression
[Pitzer, 1994]. The calculated species concentrations were
used to update the elements in matrix G and B, then matrix
A, reaction vector R, and mineral phase concentrations. The
updated matrix A and R were used to solve equation (21)
and (22) again. This process was iterated and converged for
the subsequent numerical examples with a relative error of
105 as a global convergence criterion.
[28] The tortuosity (c) values estimated from the NMR
PGSE method were used to calculate the apparent diffu-
sivity (Da) values of UO2
2+ species using a relationship,
Da = D0/c, where D0 is the diffusivity of UO2
2+ in bulk
water, which has a value of 4.26  1010 m2/s [Lide,
2003]. Theoretically, the apparent diffusivity values of
other species can be calculated similarly. Unfortunately,
the diffusivity values of many aqueous species in bulk
water are unknown. Consequently we assumed that all
species have the same apparent diffusivity as the uranyl
ion.
6. Modeling Results and Discussion
[29] Two simulation cases were performed using the
reactive diffusion model described by equation (21) and
(22). The first case simulated reactive ion diffusion in
intragrain fractures of feldspar-containing lithic fragments
when U(VI)-containing radioactive liquid waste reacted
with Hanford sediment. The purpose of the simulation
was to explore coupled transport and geochemical phenom-
ena leading to the intragrain precipitation of Na-boltwoodite.
This case was previously explored with a simplified ion
diffusion model which assumed that diffusion occurred in
only a single fracture with an apparent tortuosity value of
5.9 [McKinley et al., 2006]. Here the single tortuosity value
of 5.9 used by McKinley et al. [2006] was changed to
individual values of 1.5 for fracture and 161.3 for matrix
based on the NMR PGSE measurements. The second
simulation case evaluated diffusion-retarded dissolution of
intragrain Na-boltwoodite when feldspar-containing lithic
fragments were bathed in uncontaminated calcareous pore
water. The latter calculations provided insights on U(VI)
concentrations that may evolve in pore waters as meteoric
recharge percolates through contaminated regions in the
vadose zone with intragrain Na-boltwoodite precipitates.
6.1. Geochemical Conditions for Na-Boltwoodite
Precipitation
[30] In this example, an alkaline waste solution contain-
ing high concentrations of sodium, bicarbonate, and U(VI),
but low silica (Table 2) was allowed to diffuse into an
intragrain fracture-matrix system containing a Si-rich solu-
tion (Table 2) that was initially in equilibrium with albite.
The dissolution of albite was represented by
NaAlSi3O8 þ 8H2O ¼ Naþ þ Al OHð Þ4 þ3H4SiO4 aqð Þ
logKsp ¼ 18:0 ð26Þ
A rate expression was used for feldspar dissolution [Chou
and Wollast, 1985] that also included thermodynamic
affinity [Gautier et al., 1994]:
r ¼ k Hþf g0:3 1 IAP=Ksp
 1=3  ð27Þ
Table 2. Compositions of Waste Solution and Initial Fracture Pore
Water Used for Modelinga
Component Waste Solutionb Initial Fracture Pore Waterc
UO2
2+ 1.0  101 0
Na+ 1.6 4.3  105
Ca2+ 1.6  103 5.5  106
H4SiO4 5.0  105 2.4  103
Al(OH)4
 0.0 5.0  106
CO3
2 0.3 5.8  105
NO3
 1.2 0
pH 9.0 7.0
aConcentration unit is mol/L.
bWaste solution composition was taken from McKinley et al. [2006].
cEstimated from a solution in equilibrium with albite, amorphous SiO2,
amorphous Al(OH)3, and pCO2 = 3.5 at pH 7; Ca
2+ concentration was
calculated based on charge balance.
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where k is the rate constant with a value of 7.5 
1015 mol m2 s1 estimated from the data reported by Chou
and Wollast [Chou and Wollast, 1985]. The surface area-
based rate constant (k)was converted to a volume-based value
using the ratio of intragrain surface area to volume. This ratio
was determined to be 5 105 m1 by geometric calculations
based on SEM observations of fracture apertures and
dimensions [McKinley et al., 2006]. The volume-based rate
constant was calculated to be 3.7  1012 mol L1s1, and
volume-based rate expressionwas used in the diffusionmodel
(equations (21) and (22)).
[31] The nucleation chemistry and precipitation kinetics
of Na-boltwoodite have not been studied. Here we assumed
that the precipitation of Na-boltwoodite was proportional to
its thermodynamic affinity and the total aqueous concentra-
tion of U(VI) species:
r ¼ k UO 2þ2
 
tot
IAP=Ksp
  1  ð28Þ
where rate constant k was assumed to be the same as that
determined for Na-boltwoodite dissolution (i.e., 5.69 
1010 mol m2 s1). The precipitation rate constant (k) is
normalized to the intragrain Na-boltwoodite surface area,
which is generally a function of unknown nucleation
chemistry and crystallization process. To simplify this
calculation, we assumed that the surface area of intragrain
Na-boltwoodite was constant and equal to 0.1% of fracture
surface area. Four spatial nucleation sites were assumed to
be randomly distributed along the diffusion paths in both
fracture and matrix domains. Both kinetics of feldspar
dissolution (equation (27)) and Na-boltwoodite precipitation
(equation (28)) were assumed to be applicable to the
fracture and matrix.
[32] Boundary concentrations at the fracture gate were
assumed to be the same as in the waste solution (Table 2),
and equal to that in the fracture interior at the fracture/
matrix interface. A no mass flux condition was imposed at
the interior end of the fracture and matrix. Mathematically,
these boundary conditions can be expressed as follows:
T f l; tð Þ
l¼0¼ Tb ð29Þ
@T f l; tð Þ
@l

l¼Lf
¼ 0 ð30Þ
Tm x; l; tð Þjx¼0¼ T f l; tð Þ ð31Þ
@Tm x; l; tð Þ
@x

x¼Lm
¼ 0 ð32Þ
where Lf is the diffusion length of the fracture (1 mm was
assumed); Lm is the diffusion distance from the fracture to
the interior end of the matrix (0.5 mm was assumed); and Tj
b
is the total concentration of component j at the fracture gate.
The total pore volume in the fracture was assumed to be the
same as in the matrix.
[33] The simulation involved eight aqueous components,
including UO22+, Na+, Ca2+, H4SiO4, CO3
2, NO3
,
Al(OH)4
, and H+. Product or secondary species included:
UO2CO3(aq), UO2(CO3)2
2, UO2(CO3)3
4, Ca2UO2
(CO3)3(aq), HCO3
, H2CO3(aq), H3SiO4
, Al(OH)3. Reac-
tion constants at 25C were used to calculate equilibrium
chemical species from the components because the temper-
ature of liquid waste plume in the sediment was unknown
and thermodynamic data for most species at other temper-
atures were unavailable. The total initial concentrations of
the components (Table 2) in both the fracture and matrix
were assumed to be in equilibrium with albite (equation
(26)), amorphous aluminum hydroxide [i.e., Al(OH)3 (am)],
amorphous silica, and atmospheric CO2. The initial nitrate
concentration was set at zero and the calcium concentration
adjusted to balance the charges of other ions. The initial
solution pH in the fracture and matrix was assumed to be 7
because feldspar-saturated groundwaters display pH near
this value [Stefansson and Arnorsson, 2000] and the pH of
uncontaminated pore water collected by ultracentrifugation
in the Hanford sediments below the BX 102 uranium plume
(Figure 1a) was approximately pH 7. Initial Na-boltwoodite
was assumed to be zero.
[34] The intragrain fracture concentrations of U(VI), Na,
and Si changed markedly during the time course of diffu-
sion (Figure 6). In this example, U(VI) and Na represented
the movements of waste chemical components into the
grain; while Si represented the migration of the initial Si-
rich intragrain fluid to the particle exterior. The cross
diffusion fluxes of waste and Si-rich solutions caused the
supersaturation of Na-boltwoodite (Figure 7a) and its rapid
precipitation (Figure 7b). As diffusion and reaction pro-
gressed (e.g., Figure 6b), the high supersaturation zone
broadened and migrated into the fracture (Figure 7a) and
more Na-boltwoodite precipitated toward the fracture inte-
riors (Figure 7b). Steady state conditions were eventually
reached (Figure 6c) when diffusion fluxes were balanced by
the rates of Na-boltwoodite precipitation and feldspar dis-
solution. At steady state, the concentration of H4SiO4
increased, and UO2
2+ and Na+ were almost unchanged from
the fracture opening toward the fracture interior. Corre-
spondingly, the Na-boltwoodite saturation index was at zero
(equilibrium) near the fracture opening, and slightly super-
saturated in the fracture interior (Figure 7a). The simulation
results (Figure 7b) were consistent with SEM observations
made on the field materials that uranyl precipitates were
mainly within the fracture interiors and rarely near the gate.
The near and slightly supersaturated condition achieved at
steady state may act to maintain the long-term stability of
the intragrain uranyl precipitates (Figure 7b).
[35] The matrix domain was located on both sides of the
fracture and was symmetric to it. The reactive diffusion
profiles and Na-boltwoodite saturation conditions in the
matrix were similar to those in the fracture, but were
influenced by diffusional flux from and precipitation within
the fracture, and the selected positions for nucleation
(Figure 8). Only one side of the matrix region associated
with the fracture is shown in Figure 8. The magnitude of the
saturation index in the matrix contoured as topographic hills
and valleys (Figure 8). The valleys corresponded to the
specific locations for nucleation and precipitation of Na-
boltwoodite in the fracture (i.e., l/Lf = 0.25, 0.55, and 0.75),
which slowed U(VI) and Na supply from the fracture to the
matrix, and accelerated Si flux from the matrix to the
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fracture. The hills corresponded to fracture locations
without precipitation. The decreasing saturation index
from l/Lf = 0.1 to 0 in the matrix was caused by (1) nucleation
and precipitation of Na-boltwoodite at l/Lf = 0.05, (2) an
absence of numerical simulation grids from l/Lf = 0.05 to 0
in the matrix, and (3) undersaturation of Na-boltwoodite on
the grain surface or fracture gate (i.e., l/Lf = 0 or in bulk
solution phase).
[36] Na-boltwoodite precipitated (Figure 9) in parallel
with the migration of the supersaturation zone into the
interior of the matrix (Figure 8). Its local concentration
increased with time and eventually reached steady state
(Figure 9a). The time-variable concentration profiles tended
to group according to the distance from the fracture to the
matrix interior, but not the overall distance from the fracture
gate (Figure 9a), indicating that local precipitate concen-
trations and times to reach steady state were primarily
influenced by the reactive diffusion in the matrix with a
secondary effect from the diffusion in the fracture (Figure 9).
The steady state concentrations of Na-boltwoodite in the
matrix increased with increasing distance from the fracture
(Figure 9a) and plateaued after x/Lm > 0.55 (Figure 9b).
The computed time duration to reach the steady state
condition in the entire matrix domain was 106 s. These
calculations suggested that (1) more Na-boltwoodite could
precipitate in the intragrain locations with lower diffusivity
values and longer diffusion paths to the external waste
solution if sufficient time is allowed for intragrain waste/
sediment interactions and (2) the complex nature of intra-
grain fractures with variable lengths, widths, and connec-
tivity (Figure 1) could result in a complex spatial
distribution of intragrain Na-boltwoodite (Figure 1).
6.2. Diffusion-Limited Dissolution of Intragrain U(VI)
[37] In the second example, uranyl precipitates in both the
fracture and matrix were allowed to dissolve, and U(VI)aq to
Figure 7. (a) Calculated saturation index (log IAP/Ksp) of
Na-boltwoodite in a fracture that resulted from the diffusion
profiles shown in Figure 6. (b) Precipitated concentration of
uranyl in four different spatial locations starting from the
fracture opening.
Figure 6. Simulated reactive diffusion profiles of U, Na,
and Si as a U-containing, bicarbonate solution mixed with
Si-rich fracture solution after times of (a) 10 s, (b) 1000 s,
and (c) >100,000 s. The concentration units in Figures 6b
and 6c are the same as in Figure 6a.
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diffuse out of grain interiors to simulate U(VI) release from
contaminated sediments to recharge waters. The boundary
conditions of this example were assumed to be the same as
described by equations (29)–(32) except that the boundary
concentration at the fracture gate was time variable and
determined by mass exchanges between the bulk solution
and the fracture-matrix system as follows:
@Tb
@t
¼ f
XN
k¼1
A f  @T
f
@l

l¼0
ð33Þ
where f is the volume ratio of fracture pores to bulk
solution. equation (33) can be adapted to a flowing system
by including advection and dispersion terms for concentra-
tions in the bulk solution. A batch system (i.e., equation (33))
was, however, considered in this example. The compo-
nents and speciation considered in this case were the
same as in the first case, except that the feldspar
dissolution and Na-boltwoodite precipitation reactions
were not included.
[38] Three U(VI)-free electrolytes that were used for the
dissolution of synthetic Na-boltwoodite (Figure 3) were
used as initial bulk solutions. The pore water composition
in Table 2 defined the initial aqueous concentration
within the fracture and matrix. The total concentration
of Na-boltwoodite in the sediment was assumed to be
1.37 mmol/g, a measured value reported in contaminated
Hanford sediment [Liu et al., 2004b]. For mathematical
simplicity, the solid U(VI) was assumed to be initially
distributed homogeneously in both the fracture and matrix.
The fracture/solution volume ratio, f, was set at 7.55  105
in the hypothetical batch suspension. This value was estab-
lished by counting fracture apertures (3.78  104 cm3/g) in
SEM images of the contaminated sediments [McKinley et
al., 2006] and by assuming solid/solution ratio of 200 g/L.
The total pore volume in the fracture was assumed to be
the same as in the matrix. Equation (5) was used to
describe the dissolution kinetics of Na-boltwoodite.
[39] Calculated U(VI) concentration in the bulk solutions
increased with time as Na-boltwoodite dissolved and dif-
fused out of the fracture and matrix domains (Figure 10).
The U(VI) concentration reached a plateau after 1000 hours
in the 50 mmol/L bicarbonate solution (Figure 10a) because
all solid U(VI) in both the fracture and matrix were dis-
solved (Figures 10b and 10c). In the 6 mmol/L bicarbonate
solution, dissolution of fracture-filled Na-boltwoodite was
complete after 50,000 hours (Figure 10b), but continued
from the matrix (Figure 10c). In the 1.2 mmol/L bicarbonate
solution, dissolution in both the fracture and matrix reached
steady state (equilibrium) after approximately 10,000 hours.
The U(VI) in the matrix had almost no change from the
initial condition because the local U(VI) saturation in the
fracture prevented U(VI) dissolution in the matrix. Com-
pared with the dissolution rates of Na-boltwoodite without
diffusion restriction, the rates of U(VI) release from the
sediment were slowed by over two orders of magnitude.
[40] The calculations showed clearly that diffusion limit-
ed U(VI) release from the sediment. The limitation was
particularly strong in the matrix or secondary smaller
fractures (Figure 10) because of their lower diffusivities.
The limitation was caused by the coupled effect of diffusion
and solubility: slow diffusion limited the removal of dis-
solved U(VI), which, in turn, decreased the rate of dissolu-
tion through solubility limitation (equation (5)). Local states
of near-equilibrium in the matrix constrained the concen-
tration gradient toward the bulk solution, and thus decreased
the overall diffusive flux. The integrated effect of diffusion
and solubility coupling in the matrix was to decrease the
rates of U(VI) release from matrix domains in the sediment
to bulk solution. The model simulations were consistent
with the observed slow kinetics of uranyl release from
contaminated Hanford sediments containing uranyl silicates
[Liu et al., 2004b], as compared to the relatively fast rates of
Na-boltwoodite dissolution without diffusion limitation
(Figure 3).
7. Conclusions
[41] Contaminated sediments from the BX tank farm
have been subjected to extensive studies regarding U(VI)
valence and speciation [Catalano et al., 2004; McKinley et
Figure 8. Spatial distribution of saturation index (log IAP/
Ksp) of Na-boltwoodite in the matrix domain that was
connected with a fracture (a) at time 100s and (b) at time
1000s.
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al., 2006; Wang et al., 2005], mineral residence [McKinley
et al., 2006], and thermodynamic and kinetic properties [Liu
et al., 2004b]. This study extended this knowledge base by
independently characterizing the dissolution and diffusion
properties. Diffusion-limited U(VI) release appears com-
mon in U(VI)-contaminated sediments from different waste
sites at Hanford including: the BX tank farm area, the TX
tank farm area, and 300 area [McKinley et al., 2006; Qafoku
et al., 2005]. The sediments used in this study provide an
excellent example of coupling between mineral physical
properties and geochemistry, and the attendant effects on
contacting aquifer fluids. The NMR PGSE measurements
indicated the presence of multiple diffusion domains within
the intragrain regions of the precipitates-hosting granitic
lithic fragments. Two diffusion domains that were termed as
fracture and matrix were assumed for mathematical sim-
plicity to fit the NMR PGSE measurements and to concep-
tualize the intragrain diffusion process. An explicit
relationship between the diffusion domains and specific
fracture or pore features and length scales in the lithic
fragments was not determined because the spatial resolution
of the NMR PGSE method (tens to hundreds of microns)
was large as compared to the micron to submicron scales of
the fracture widths. Nevertheless, our conclusion of multiple
diffusion regions was consistent with the SEM images that
showed variable widths, lengths, and connectivity of intra-
grain fractures and pores.
[42] The dissolution of Na-boltwoodite was expected to
be a linear function of surface area because surface com-
plexation was involved in the dissolution reaction
(equation (1) and (2)). The observed surface site satura-
tion-type dissolution rate with respect to bicarbonate con-
centration indicated that mineral surface area (e.g., surface
site concentration) limited bicarbonate-promoted dissolu-
tion at high-carbonate concentration. The estimated half
rate constant (Ks = 2.74 mmol/L) was equivalent to the
bicarbonate concentration in equilibrium with atmospheric
CO2(g) at pH 8.2. Therefore in circumneutral natural
Figure 9. Precipitated concentration of uranyl in the matrix as a function of (a) time and location and
(b) spatial location at time 106s.
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waters, such as in the Hanford subsurface, a variable rate
order with respect to bicarbonate concentration is
expected.
[43] The cross diffusional fluxes of chemical components
in the waste solution and fracture pore water were calculated
to be responsible for Na-boltwoodite supersaturation and
precipitation. The rapid dissolution of fracture-proximate
silicate minerals due to a large surface to volume ratio
allowed the replenishment of silica within diffusion-limited,
intragrain domains. This dissolved silica sustained Na-
boltwoodite supersaturation/precipitation and maintained
the stability of the precipitates. Diffusion was calculated
to be also responsible for limiting the rates of intragrain Na-
boltwoodite dissolution. The calculated rates of uranyl
release from intragrain Na-boltwoodite dissolution were
over two orders of magnitude slower than the dissolution
rates without diffusion restriction. Diffusion constrained the
supply and removal of ions necessary for dissolution
reaction, while these, in turn, affected ion concentration
gradients that drove diffusion. The two modeling simula-
tions collectively demonstrated that the coupling of diffu-
sion and precipitation/dissolution reactions: (1) resulted in a
complex spatial distribution of uranyl precipitates and (2)
limited the dissolution rate of uranyl precipitates and the
release of U(VI) to bulk aqueous solution. The intragrain
diffusional limitation will allow the long-term persistence of
precipitated uranyl in these sediments that could otherwise
dissolve relatively rapidly.
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